The passage of an electric current through graphite or few-layer graphene can result in a striking structural transformation, but there is disagreement about the precise nature of this process.
Introduction
Over the past five years or so a number of groups have demonstrated that the passage of an electric current through graphite or few-layer graphene can produce a dramatic structural transformation [1] [2] [3] [4] [5] [6] [7] [8] . This involves the formation of a carbon material with a highly irregular edge morphology, with many re-entrant structures and unusually-shaped features. Among the novel structures observed in the transformed carbon are nanotubes seamlessly joined to larger graphene regions. Some groups have suggested that the transformation occurs as a result of sublimation and edge reconstruction of flat graphene [1, 2, [6] [7] [8] . However, there are reasons to believe that the process actually involves a change from a flat to a three-dimensional structure [3] [4] [5] . In this paper, detailed studies of carbon nanostructures produced by the passage of a current through graphite are described. As well as conventional high resolution transmission electron microscopy (HRTEM), the techniques of high-angle annular dark-field (HAADF) and electron energy loss spectroscopy (EELS) in the scanning transmission electron microscope (STEM) are used to gain insights into the three-dimensional structure of the material. Tilting experiments, including full tomographic reconstructions, provide strong evidence for threedimensionality, and this is confirmed by detailed analyses of EELS results. We discuss possible mechanisms for the transformation of flat graphite into three-dimension structures, and suggest that the key to understanding this may lie in the edge terminations of graphene planes. We also consider possible applications for the new carbon, the most important of which may be in the area of supercapacitors.
Methods
In order to pass a current through small samples of graphite, we used a commercial arcevaporator, which is normally used for carbon-coating specimens for electron microscopy. In this unit the electrodes are graphite rods, one of which is thinned to a diameter of approximately 1.4 mm at the point of contact. Following evaporation, the thinned carbon rod was found to have slightly shortened, and a small deposit was formed in the area where the two rods made contact (see Supplementary Data for more details). This was collected and examined by TEM. Material collected from the fresh graphite rods was also imaged by TEM for comparison. Conventional TEM imaging was carried out using a JEOL 2010 microscope, with a point resolution of 0.19 nm, operated at an accelerating voltage of 200kV. Care was taken not to expose the carbon to an intense electron beam, to avoid irradiation damage.
We used the technique of HAADF-STEM imaging to establish the three-dimensionality of the bilayer graphene structures. Both tilt sequences and individual images have been analysed.
Tilt series were first recorded using an aberration corrected FEI Titan G2 (S)TEM operating in HAADF-STEM mode at 80kV using a Fischione 2020 single tilt tomography holder. The tilt sequences were acquired using Xplore3D acquisition software at regular angular increments of 2° in all cases. Reconstructions were performed using FEI's Inspect3D software with the SIRT algorithm using 20 iterations. Orthoslices and the isosurface visualisation were extracted using ImageJ.
Higher resolution HAADF-STEM images were recorded on an aberration corrected Nion UltraSTEM100 dedicated scanning transmission electron microscope operated at 60 kV and with a source energy spread of 0.3 eV [9, 10] . When using a convergence semi-angle of 30.6 mrad, this resulted in an electron probe size of 0.11 nm (full-width at half-maximum). Electron energy loss spectra were also collected. The EEL spectrometer collection semi-angle was 39.2 mrad.
The relative π* peak intensity was extracted using a 3 Gaussian fitting procedure followed by normalisation to the integrated edge intensity over a 20 eV window (from the edge onset), as described in reference 11. This was done for every pixel in 2D spectral images. Relative π* intensity 'line scans' were then extracted from the spectral images as line profiles. All this was carried out using Gatan's Digital Micrograph (DM) software. The C-K edges were de-noised using principle component analysis implemented in the MSA plug-in for DM [12] .
Results
A typical image of material from the fresh graphite rod is shown in Fig. 1(a) . As expected, this consisted mainly of flat crystallites, ranging from a few 100 nm to about 5 µm in size, containing up to 100 layers. The crystallites were often folded and buckled, and were covered with small amounts of finely-divided material. No nanotubes or other fullerene-related structures were seen in the fresh graphite. The carbon collected from the graphite rods following arcing contained some "normal" graphite, but this was accompanied by many regions which had a very different morphological appearance. A typical transformed area is shown in Fig. 1(b) . As can be seen, the outline of the structure in this area of the material is more irregular than in the fresh graphite, with many curved and unusually-shaped features. The carbon is frequently found to be decorated with short nanotubes or nanoparticles, and in some cases, nanotube-like structures are seamlessly connected to the larger regions. In some areas, the transformed material had a much more regular appearance, as in Fig. 1(c) . Here there is clearly some alignment between the edges of different regions of the carbon, and also with the nanotubes which are attached to the larger structures.
High resolution images of the transformed carbon showed double edge contrast, as shown in Fig.   2 . There are two possible interpretations of this contrast, firstly that the sample consists of flat, 4-layer graphene, and secondly that it is made up of hollow, three-dimensional structures with bilayer walls. We believe that the latter explanation is the correct one, even though energetics would seem to favour a flat structure. Figure 3 shows a tilt sequence recorded using the FEI Titan microscope in HAADF-STEM mode. Recording these sequences proved to be challenging for a number of reasons. Even though a relatively low accelerating voltage was used, and the microscope's vacuum was extremely clean, some beam damage and contamination was evident after prolonged imaging. In addition, the highly irregular morphology of the samples caused problems, because the region of interest often became obscured by adjacent structures during tilting. Despite these difficulties, we were able to record a number of tilt sequences. tilt, is shown in Fig. 5 . The reconstruction of this data was performed on the same angular range as in Fig. 4 (a) (-50° to +46°), excluding images acquired out of this range. The orthogonal slice labelled YZ (Fig 5(b) ), where Z is the direction down the optic axis, shows a clear distinction from that of the apparently three-dimensional structure (Fig 4(b) ).
We now discuss results from the Nion UltraSTEM100 instrument. We used this microscope to record a combination of HAADF-STEM images and EELS spectra. Figure 6(a) shows a HAADF-STEM image of a nanotube-like structure joined to a larger bilayer region. We determined the degree of curvature at the edge of the structure in Fig. 6(a) by estimating local changes in intensity of a specific feature of the carbon K ionization edge in the EELS spectrum, the so-called π* peak (a sharp and intense feature at an energy loss of 284 eV, corresponding to π states delocalised across the graphene sheets). In the simple case of a planar anisotropic layered carbon material (e.g. graphite), the relative intensity of the π* peak compared to the overall integrated carbon K-edge intensity will increase as the spectral contribution of electrons that have experienced momentum transfer parallel to the crystallographic c axis increases (see e.g.
Ref. 13)
. For the present bilayer material and experimental configuration (where, owing to the relatively large EELS collection angle, we predominantly record transitions to empty electron states oriented perpendicular to the electron beam direction) this translates into a significantly higher relative π* peak intensity when the electron probe is incident on an edge (where the graphitic planes are visibly aligned along the beam direction) than when the probe is located anywhere further into the structure (Fig. 6(b) ). Away from the edge the EELS signal is dominated by electrons that have undergone momentum transfer parallel to the graphene layers and, in analogy to the case of graphite [13] , the resulting spectrum is therefore referred to as 'inplane' in Fig. 6(b) . A gradual increase in relative π* peak intensity would therefore indicate a gradual change in average orientation, which could in turn be interpreted in terms of structural curvature. Figure 6 (c) shows a graph of the intensity of the π* peak (normalised to the integrated edge intensity over a 20 eV window) as the probe is scanned over the region of the larger structure indicated in Fig. 6 (a) and clearly shows this behaviour. The two graphene layers defining the edge of the structure are clearly resolved in the HAADF profile (Fig. 6(c) ) and, comparing their position to the gradual change in relative π* peak intensity as the probe approaches the edge, this strongly suggests a gradual curvature, consistent with a threedimensional rather than a flat structure. In a flat structure with reconstructed or curled up edges one might expect a much more abrupt change in the relative π* peak intensity than that seen in Fig. 6 (c).
We were also able to carry out HAADF and EELS analysis of regions throughout a tilt series, although the range of angles available was less than in the FEI Titan. indicates an elliptical rather than purely circular 'tube' cross section. The C-K edge was recorded from the extended region of the larger end of the 'tube' indicated for 0° in Fig. 7(a) . From the plot in Fig. 7(e) , it is again quite clear that the relative π* peak intensity changes much more gradually than what might be expected in a flat material with abruptly curled up or reconstructed edges. Variation in the relative π* peak intensity at the extreme edge in Fig.7 (e) is mainly attributed to spectral noise increasing as the electron probe is 'falling off' the structure.
Interestingly, there are barely any significant changes in the π* peak intensity within the central region of the measured area. This might be consistent with the elliptical cross section inferred 8 from Fig. 7(b) . A perfectly circular cross section would likely show a distinct effect on the π* peak intensity throughout the sample. Thus if taking the overall projected shape of the 'tube' into consideration, its structure might be described as a bilayer 'funnel' connected to a distorted bent 'tube', both with an elliptical cross section.
Discussion
Rather similar structures to those described in the present paper have been reported in studies by Jia and co-workers [1, 8] , by Huang et al. [2, 6] and by Barreiro and colleagues [7] , although in these experiments the transformations were observed using small graphene crystals inside a TEM. In each case, the authors of these papers concluded that the changes they observed involved sublimation and edge reconstruction of flat graphene rather than a transformation from two-dimensional to three-dimensional structures. The results presented in the present paper point to a different conclusion: that the structures formed are three-dimensional rather than flat, and that the transformation primarily involves a restructuring of the graphite rather than sublimation.
The mechanism of the restructuring is not entirely clear, but the key to understanding the process may lie in the edge structure of graphite. It is well established that graphite planes often have ''closed'' edges, so that the layers resemble folded sheets [14] [15] [16] [17] , as illustrated schematically in Fig. 8(a) . The restructuring which occurs on passage of a current may simply involve an ''opening'' of the layers, as shown in Fig. 8(b) . In an attempt to find evidence for this mechanism, we searched for fragments of graphite which displayed the early stages of the process, and which were oriented with the graphite sheets parallel to the beam. One of these regions is shown in Fig. 8(c) . This clearly shows the opening of bilayer structures at the edges of the sheets. Such structures were not found in the fresh graphite. We do not rule out the possibility that sublimation/condensation may play some role in the structural transformation, but suggest that it is probably not the major factor. We note that recent in situ Joule heating experiments have shown that carbon sublimation can result in the formation of certain line defects in graphene [18] .
It seems evident that the structures seen in the transformed carbon contain pentagonal and other non-six-membered rings, and that these are responsible for the observed faceting and reentrant features. One could speculate, therefore, that the opening process might be initiated at pentagonal rings which are believed to occur where zig-zag and armchair edges meet, as shown in Fig. 9 [19] .
Another interesting question is why the transformed carbon structures are almost exclusively bilayer rather than monolayer. Most of the other studies of Joule heating of graphite have resulted in the formation of largely monolayer structures [1, 2, 6] . The reason for the differences between the present work and some of these other studies may lie in the nature of the starting materials. In our work, the starting material is a commercial synthetic graphite. In the work by Jia et al. the starting materials were graphitic nanoribbons produced by chemical vapor deposition [1] , while Huang et al. used thinned HOPG (highly orientated pyrolytic graphite) [2, 6] . It may be that in these forms of graphite the folding involves single layers rather than bilayers as in Fig. 8(a) .
Clearly there is still much to learn about the transformation in graphite structure which can be induced by passage of an electric current. The results presented here suggest that the transformation involves an opening of graphite layers, which creates a 3-dimensional structure.
However, it remains unclear why the passage of an electric current should have such an effect.
More work on this phenomenon would be very useful. As well as helping to understand the processes described in the present paper, this might also lead to a better understanding of other processes such as the arc-synthesis of carbon nanotubes and the degradation behaviour of graphite electrodes.
Finally, it is interesting to discuss possible applications for the new carbon described here, which could be described as "three-dimensional bilayer graphene" (3DBG). One area for which the material appears particularly suitable is as an electrode material for supercapacitors.
Compared with microporous carbon, which has traditionally been used in supercapacitors, 3DBG
has relatively large pore sizes (typically of the order of a few 10s of nm), which would greatly facilitate the penetration of electrolyte ions into the pores. The structure of 3DBG also suggests it will have a much higher electrical conductivity than microporous carbon. Three-dimensional bilayer graphene also has advantages over three-dimensional graphene materials produced by assembling small fragments of graphene using aqueous methods (e.g. refs 20 -22) . In these materials the 3D structure is reliant on weak forces such as van der Waals interactions, and they therefore lack mechanical strength. The graphene walls also have a tendency to "clump together", destroying the porosity. Three-dimensional bilayer graphene on the other hand is largely a continuous material in which the porosity is a result of pentagonal and other nonhexagonal carbon rings in the graphene structure, and would be expected to have far higher stability and superior mechanical properties. 
